Ground/bonding for Large Space System Technology (LSST) by Dunbar, W. G.
GROUNDING, BONDING 
FOR LARGE .,PACE 
SYSTEM TECHNOLOGY ( LSST j 
(YAS~-Ch-lbl4ab) S k C U h C / Z C O C l k G  Fbii  LABCS Std-20604 
SPACE S Y S I E E  T E U h h G i C G Y  ( i S S I )  Final h e p o r t  
(Boe ing  dergsy:acc? Co., S d a t t l e ,  Wdsh.) 33 F 
iiC A O S / A E  A 3 1  LSCL 3% O n c i a s  
3 / 3 2  2 4 1 9 2  
Final Report 
BOEING AEROSPACE COMPANY 
SEATTLE, WASHINGTON 
CONTRACT NAS8-33432 
APR I L. 1980 
National A e r o d a  
and Space Administration 
George C. Manhall Space Flight Center 
Marshall Space Flight Center, Alabama 35812 
https://ntrs.nasa.gov/search.jsp?R=19800018105 2020-03-21T17:09:07+00:00Z
NASA CR 
GitOUNDING/BONDING FOR LARGE SPACE SYSTEM STRUCTURES (LSST ) 
Final Report 
BOE ING AEROSPACE COMPANY 
Apri 1 , 1980 
Prepared f o r  
NATIOKAL AERONAUTICS AND SPACE ADMINISTRATION 
George C. Marshal: Space F l i g h t  Center 
Marshal 1 Space F l  i g h t  Center, Alabama 35812 
CONTRACT NAS8-33432 
FOWARD 
This document was prepared by the Boeing Aerospace Company 
f o r  the National Aeronautics and Space Administration, George C. 
Marshal 1 Space Fl i gh t  Center i n  compl iance wi th contract NAS8-33432, 
"Groundi ng/Bondi ng and Data Power D i  s t r i  but ion connectors and Cab1 es 
f o r  Large Space System Technology (LSST). 
This report i s  one of two volmes documenting contract 
results. I t  consists pr imar i ly  of the data qenerated during the 
task on groundinq and bonding for large space systems t o  graphite 
epoxy, metal 1 i c  and metal 1 i c  composite structural  members. The studies 
were based on airplane and spacecraft qrounding and bonding appl ica- 
t ions now i n  service or  planned f o r  the near future. 
This conceptual design and analytical study pro ]ram 
examined the influence of the environment and extravehicular 
activi t y / r m t e  assembly operations on the groundinq and bonding 
of metallic and non-metal7ic structures. Grounding and bonding 
~hilosophy was outlined for the electrfcal systems and electronic 
compartments which contain high-vol tage, high-power electrical and 
electronic eqbiqment. The influence of pl asmt and particulate on 
the system was analyzed and the effects of static buildup on the 
spacecraft electrical system discussed. Conceptual grounding/ band- 
ing designs were assessed for capability to withstand high current 
arcs to ground from a high voltage conductor and electromaqnetic 
interference. A1 so shown were the extravehicular activities required 
of the space station and/or supply spacecraft crew members to joirl 
and inspect the ground system usinrl manual on remote assembly construc- 
tion. 
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Bonding Grounding Concept Assessment 
Tili s analytic and conceptual design study program examined 
the spacecraft power distribution, and electrical loads and their 
influence on the structural grounding and bonding requirements for 
large space structures technology (LSST! spacecraft. Structural materials' 
electrical characteristics and the probable fault currents to which the 
structure could be subjected, were analyzed and conceptual designs for 
LSST grounding and bonding conceived. Available data from simulated 
1 ightning and electromagnetic pulse evaluation program for the United 
States Air Force were used for some of the analyses and suggested 
conceptual designs. New structural materials such as the metals, 
metallic composites and metallic-graphites materials, though in the 
developmental stages, hold promise of eliminating much of the bonding 
and grounding problem associated with graphi te-epoxy to a1 uminum 
joints and structural compartments and beams. 
2.0 INTRODUCTION 
Studies have shown t h a t  many o f  the space missions proposed 
f o r  the t ime per iod  1980 t o  2000 w i l l  requ i re  spacecraft  s t ruc tu res  
t o  be assembled i n  o r b i t .  Large antennas and power systems up t o  
2.5 HW s i ze  a re  predCcted t o  supply e lec t r i ca l /e lec t rc ,n ic  subsystems, 
so la r  e l e c t r i c  propulsion, and space processing f o r  the near-term 
programs. Plat forms o f  103 meters length f o r  s tab le  foundations, 
u t i  1 i t y  s ta t ions ,  and supports f o r  these mu1 ti -antenna and e l e c t r o n i c  
powered mechanisms are a1 so being considered. 
A l i t e r a t u r e  review was made o f  NASA, U.S. A i r  Force, and 
indus t ry  repor ts  f o r  l a rge  spacecraft  structures. From t h i s  review 
i t  was concluded t h a t  spacecraft  conf igurat ions w i t h  three power 
l e v e l s  a re  planned between CY 1985 and 2005; i .e., (1 )  below 25kw, 
(2)  25kw t o  2.5 megawatts, and (3)  over 2.5 megawatts. Spacecraft 
w i t h  power l e v e l s  t o  25kw may use 1980 s ta te-of - the-ar t  mater ia ls ,  
and bonding and grounding methodology. Spacecraft w i t h  power l e v e l  s 
between 25kw and 2.5 MW w i l l  r equ i re  higher d i s t r i b u t i o n  701 tages and 
currents,  depending upon the spacecraft  design. Very la rge  spacecraft 
and spare s ta t ions,  planned f o r  the 21st century w i t h  power l eve l s  
exceeding 2.5 MW w i l l  r equ i re  high-vol tage and high-current d i s t r i b u t i o n  
sys tems . 
Three s t r u c t u r a l  conf igurat ions f o r  l a r g e  s t r uc tu re  space 
system w i t h  power l e v e l s  t o  2.5 MW were selected fo r  study o f  the 
e l e c t r i c a l  power system grounding. These con f igura t ions  are shown i n  
f igures 2.0-1, 2.U-2 and 2.0-3. The conf igurat ion o f  f i g u r e  2.0-1 
has long 1 ines t o  the loads which w i l l  r e s u l t  i a  l a rge  vol tage drops 
o r  very heavy conductors if 1 ow voltages are used. Thus, h igh vo l tage 
systems and equipment w i l l  be considered f o r  opt imal design concepts. 
I n  f igu re  2.0-2, a c l u s t e r  type conf igurat ion i s  shown. Lower voltage, 
higher cur ren t  l i n e s  can be used f o r  t h i s  construct ion, provided the cur ren t  
ca ;~  be successful ly handled by the  r o t a r y  j o i n t  f low losses and vol tages 
drops). The f igu re  2.0-3 conf igurat ion has very long 1 ines between 
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On-Orbit Assembly 
Concept Design 
the loads and the power source. This type of construction requires 
high-voltage transmission lines between the load and the generatic- 
center, similar to an electric utility distribution network. 
This report documents the conceptual analyses and require- 
ments plan to be used to arrive at the recomnended grounding and bonding 
concepts. A functior,~l flow diagram is shown in figure 2.0-4 which 
depicts the methodology used for the study. 
The results include the following key items: 
Impact of environment on bare and insulated ground 
connections and bonds to the hardware. 
e Compatibility of the spacecraft grounds and bonds to the 
power system, distribution system, and tke electrical/ 
electronic 1 oad equipment. 
Hethods of bonding/grounding across flexible and insulated 
structural joints, compatible with the poorly conductive 
structural materials of a spacecraft, 
Grounding and bonding philosophy and design concepts with 
respect to high voltage, high current equipment, and logic 
and control equipment to sustain the operatio11 of the high 
power equipment . 
0 Effects of static charge buildup on the spacecraft electrical 
power system and loads. Included :re interactions and 
conceptual methods to reduce or nonnal ize the charges. 
a The effectiveness of the proposed conceptual grounds and 
bonds were assessed with respect to high power transients, 
arcs, and discharges. Hethods were developed to prevent 
destruction of the bonded conductors or grounding system. 

EM1 radiat ion and conduction shielding effectiveness between 
the high-power system and equipment, and sensit ive computer 
and log ic  control networks were evaluated on the basis of 
gromding/bonding effectiveness and spacecraft structures. 
r EVA manipulator and teleoperator equipment concepts were 
defined, includina unique tool ing and t es t  equipment 
required t o  inspect the grounds and bonds af ter  assembly 
and/or maintenance. 
3.0 BACKGROUND 
The National Aerenautics and Space Admini s t r a t  ion (NASA) 
has future ~ e e d s  for the assembly of large structures i n  space 
wkich have large electrical power systems to supply the electrical/ 
electronic equipment loads. These electronic systems are used for 
comnunicztions, radar, and experimental equipment for aid to Earth' s 
overcrowded comnunication systems, exploration of new energy 
resources, space exploration and eventually to supplement terres- 
t r i a l  electric power uti l  i t ies .  Some of these systems (near term, 
1984-1990) have power levels to  2.5 MW. The long term programs, 
1990 to post 2000, will have rmch higher demands - possibly into 
mu1 ti gigawatt;. 
To meet the spacecraft mission and load requirements, 
large spacecraft structures are required. In turn, these large 
spacecraft will require large power systems to operate the loads. 
In many cases, structural members ivill be manufactured on Earth, 
transported to  a orbiting station, and the total system assembled i n  
space. An important feature of the structures i s  that they be 1 ight- 
weight and have good structural integrity. In addition, a structure 
must be compatible with the power a ~ d  electrical /electronics grounding 
and bonding system. 
3.1 Survey 
A survey was made t o  obtain data relative to  problems 
associated w i t h  materials, grounding and bonding of structures and 
electrical systems in space. A 1 i s t  of NASA documents surveyed is  
given in references 1 through 12. 
I n  add: tion, Boeing has pub1 i shed many documents for government 
angencies ( int l  uding NASA), and has done independent research and develop- 
ment programs for airplanes and spacecraft. These documents also have 
been reviewed. One significant finding was the effects of high-current/ 
high-vo: '-age arcs to various structural materials. Graphite epoxy 
11 
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materials withstand these arcs much better than many other types cf 
epoxies, polyurethanes, and silicone-coated materials. 
Many of the documents reviewed contained valuable information 
on the structurai materials, (references 1, 2, 3, 4, and 5) and the 
fabrication and assembly of those structural members on Earth and in 
space (references 6, 7, 8, and 9). Three documents were oriented 
toward the electrical requirements and equipment (references 9, 10, and 11). 
The data, in reference 11, is for the far-term, solar power 
satell ite, a conceptual spacecraft system having about 10-15 gigawatts 
of power output. That document and many Boeing documents reviewed 
had much data on the power system schematic, but little data on the 
details involving distribution equipment or bonding and grounding. 
The data avaiiable were mostly oriented toward the cooling of the 
conductors, not the interconnects or fabrication in space by automatic 
or manual methods (reference 12). Information gleaned from reference 10 
a1 so involved power profile data of both l u g e  and small sate1 1 ites. 
One document did have data on detailed concepts for cab1 es, connectors, 
bonding and grounding (reference 9). This data was considered in 
our studies. In that study of the connector latching device it was 
assumed that an astronaut would be available to perform the latching. 
The Boeing study added concepts for connections and attachennts by 
automatic methods. 
3.2 System Requirements 
System requirements are dictated by the spacecraft mission, 
design, and operational 1 ife in space. Many spacecraft are under 
consideration by NASA for service in the CY 1980 through 2000 time 
period. Some are for near-term missions through 1989, while others are 
in the conceptual planning stages fcr the C I  1990 through 2010 time 
period. This contract was oriented primarily toward the near-term 
missions, with a few applications studies for far-term missions. 
S. R. Sadin (reference 131, o f  NASA/Hq. OAST System Planning, 
shows i n  h i s  paper e n t i t l e d  "OAST System Technology Planning" a 
p l o t  o f  space st ructures s ize  and vehic le energy fo r  the period from 
iY 1960 t o  CY 2000 ( f i gu re  3.2-1). Structura l  sizes are shown fo r  
197611977 f o r  Skylab, i984 f o r  Molecular Wake Shields, f o r  Elect ronic  
f l a i l  i n  1990, and f o r  SPS i n  2,000. Energy leve ls  are shown as 
4 10 KUHIyr f o r  Earth Resources i n  1982; and 10' KHH/yr for  Space 
Manufacturing i n  1985. Also l i s t e d  i n  the planning tables given 
i n  the paper are other high power consuming systems such as the Large 
Power Module i n  1986 and the SPS i n  2000; the  power l eve l  of SPS w i l l  
6 be 5 t o  10' watts, which i s  438 x lo6 KWHlyr t o  1,314 x 10 KWHlyr. 
Once again, the need for  the LSST program i s  evident from the pro jected 
spacecraft requirements. 
L. W. Brant ley (reference 14), of NASA/I?SFC i n  h i s  paper 
"Power lloduies And Projected Power Systems Evolution" shows a curve 
from CY 1986 through CY 2000 and power l eve l s  o f  25W Power Module 
i n  1980 through the large power module, the SPS demonstrator, and 
the SPS of 5-10 GH i n  CY 2000. This also supports the requirement 
f o r  the LSST program. 
NASA near and far-term missions w i t h  respect t o  e l e c t r i c a l  
power requirements are shown i n  f i gu re  3.2-1 and i n  Tables 3.2-1 and 
3.2-2. It i s  t o  be noted tha t  many missions have e l e c t r i c a l  power 
requirements of several k i lowat ts  t o  a few megawatts for the near-term 
nissions. This impl ies tha t  e i ther  very la rge  currents a t  low voltage 
must be generated ana d i s t r i bu ted  or  the voltage must be increased 
t o  keep the current  levei  s down. To m e t  the mu1 timegawatt goals, 
both high current  (over 1000 amperes) and h igh voltage must be con- 
sidered. A p l o t  of the current and voltage re la t ionsh ip  t o  power and 
advanced techno1 ogy d i s t r i b u t i o n  equipment and grounding and bond ing 
i s  shown i n  f igure 3.2-2. Three voltage regimes are shown i n  f i gu re  3.2-2; 
voltages to  200 vol ts ,  between 200 vo l t s  and 2000 vol ts ,  and over 2000 vo l ts .  
There are many specif icat ions and standards for  the lower voltages between 
0 and 260 vol ts ,  few for the t rans i t i on  voltage (T) regime (200 t o  
2000 vo l t s ) ,  and fewer for  the high-vol tage (HV) over 2300 vo l ts .  

TABLE 3.2-1 I N I T I A T I V E  GROUP. RANK ORDERING 
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GROUP1 
SUBGROUP 
2/  1 
3/  1 
2 1  2 
S/ 1 
2 1  3 
4 6 6 / 2  
9 & 1 1 1 1  
512 
5/3 
3/ 2 
l 1  
4 & 6/2 
9 6 1 ) / 2  
4 6 6 / 3  
7/ 1 
9 & 1 1 / 3  
4 L 6 1 4  
1 1 2  
8/ 1 
3/ 3 
7 1  2 
7/ 3 
1 / 3  
3 1  4 
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8/4 
8 / 5  
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2 
POWER 
LEVEL 
1.0 )I# 
1.0 kW 
1 . 3  kW 
1 .7  kW 
2.0  kW 
2.0 kW 
2 .0  kW 
2 .2  kW 
3 . 0  kW 
4 . 0  kW 
5 . 0  kW 
5 .0  kW 
5.0 kH 
10.0 kW 
1 0 . 0  kW 
10.0 kW 
20.0 kW 
2 5 . 0  kU 
2 5 . 0  Ir' l  
50.0  kH 
50 .0  kW 
100 .0  kW 
100 .0  kW 
210.0  kW 
300.0 ky 
2.0 MU 
15.0 HW 
1.0 W 
15.0 GW 
1OC Date 
OPTIMISTIC 
PROGRAH 
1 9 8 3  
1 9 0 2  
1987  
1 9 8 3  
1 9 9 2  
1 9 8 2  
1984  
AJ 
1 9 0 6  
1 9 8 6  
1 9 8 8  
1 9 9 0  
1 9 8 3  
1 9 9 3  
1 9 9 5  
1987  
1 9 8 2  
1 99fJ 
1 9 8 8  
1 9 9 3  
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1984  
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1987  
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PROGRAM 
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2 0 0  1 
1 9 8 3  
1 9 9 3  
1 988 
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1994  
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2 0 0 2  
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w 2  
1907  
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2 0 0 0  
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1 9 8 6  
U)U 
199i) 
1 9 9 6  
2 0 0 0  
2004 
CONSEKVATl VE 
PROGRAM 
1990 
1989 
1994  
1 9 9 0  
1 9 9 9  
1 9 8 9  
1 9 9 1  
1 9 9 5  
2 0 0 1  
1 9 9 0  
1 9 9 3  
1 9 9 3  
1995  
1997  
1 9 9 0  
2 0 0 0  
2 0 0 2  
1994  
1 9 8 9  
1997  
1 9 9 5  
2 0 0 0  
2 0 0 0  
1 9 9 0  
2001  
1 9 9 3  
1999 
2 0 0 3  
2007 


Therefore, the space missions should identify the voltage level . 
This has been added to the missions shown in Table 3.2-3. Ground 
return via cables and connectors on composite structures will all be 
influenced by the voltage, current, and power level of the space- 
craft. Vehicle size will affect the cable size, thus the volt3ge 
drop and voltage variance across such items as solar panels. Secondary 
effects will include transients, travel ing waves, electrostatic 
charging of the plates beneath the high-vol tage cables 'and the debris 
collected on the wires. 
The technologies supporting the LSST program must be developed 
to provide those techniques and equipment compatible with the electronic 
data and electrical power distribution systems which will be a part 
of the 1 arge spacecraft. Consequently, identification of the requi rements 
for the electronic data and power distribution systems and techniques, 
materials and components are important to this program. 
3.3 Graphite-Epoxy Bonding Survey 
Reported-experimental data for epoxy bonded graphite fibers 
were reviewed. Discrepancies between experimenta 1 ists data differ by 
as much as two orders of vagnitude, conductivity, depending upon the 
composition of the material and f ibkr orientation when taking measurements. 
3 . 3 . 1  Work at Notre Dame University Summary 
Holzschuh (reference 15) measured free fibers and found that 
these fibers are ohmic at voltage gradients well above those at which 
graphite-epoxy composites depart from 1 ineari ty. Curiously, the fibers 
are ohmic up to the point of thermal failure. This departure from 
1 ineari ty of graphite epoxy conposi tion is not fully explained. 
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TABLI S P A C E  I N D U S T R Y  O P P O R T U N I T I E S  (CONTINUED) 
S P A C E C R A F T  POWER KW 
N E A R - T E R M  N A V I G A T I O N  C O N C E P T  ( C S - 1 6 )  1 
P E R S O N A L  N A V I G A T I O N  W R I S T  S E T  ( C S - 7 )  2 
V E H I C L E / P A C K A G E  L O C A T O R  ( C C - 1 2 )  23 
S P A C E  D E B R I S  SWEEPER ( C S - 1 1 )  - 
V O L T I N G / P O L L I N G  W R I S T  S E T  ( C C - 7  ) 90 
ENERGY G E N E R A T I O N - S O L A R  T O  M I C R O W A V E  ( C S - 1 )  1 0 7  
N I G H T  I L L U M I N A T O R  ( C S - 6 )  1 . 2  
N U C L E A R  WASTE D I S P O S A L  ( C S - 4 )  - 
ENERGY G E N E R A T I O N - N U C L E A R / M I C R O U A V E  ( C S - 3 )  1 o7 
M U L T I N A T I O N A L  ENERGY D I S T R I B U T I O N  ( C S - 8 )  20  
POWER R E L A Y  S A T E L L I T E  ( C S - 1 5 )  - 
A I R C R A F T  L A S E R  S E A M  P O W E R I N G  ( C S - 5 )  - 
ENERGY G E N E R A T I O N  H I G H  E F F .  S O L A R  CELL'S 
C O N C E N T R A T O R  ( C S - 2 )  1 o7 
T E L E P H O N E  L O N G  L I N E  ( x - 1 )  100 
B U R G L E R  A L A R M  ( C S - 1 4 )  1 
M I L I T A i i "  C O M M U N I C A T I O N S  W R I S T  R A D I O  ( M C - 1 0 )  100 
C O M P U T E R  L O N G  L I N E  ( x - 2 )  4  00 
M I L I T A R Y  A I R C R A F T  C O M M U N I C A T I O N S  ( x - 3 )  7  5 
M O B I L E  C O M M U N I C A T I O N S  - T R U C K  ( x  -4 7 5 0  
G L O B A L  D 9 S I T I O N I N G  S Y S T E M  (MS 1 
T  I M E F R A M E  V O L T A G E  
Y E A R  O R B I T  L E V E L  
S Y N C H  
S Y N C H  
GEO 
L E O  'f0 G E O  
S Y N C H  
S Y N C H  
S Y N C H  
E S C A P E  
S Y N C H  
2 2 5  NM1 
S Y N C H  
3 0 0  N M I  
S Y N C H  II V 
S Y N C H  T 
SYNC)! S 
S Y N C H  T  
S Y N C H  T  
S Y N C H  T 
S Y N C H  T 
S  
S  - 0 TO 200 VOLTS 
T - 203 TO 2000 VOLTS 
HV - OVER 2000 VOLTS 
Scruggs (reference 16) measured slabs having no bonding features 
added (plain slabs). His results together with Holzschuh's are: 
Composite Slab: 
Fiber Lengthwise Crossf i ber 
-
Max Ohmic Voltage Gradient ( v l m )  4,000 250 4,000 
Max Ohmic Current Density (Amps/m2) ?08 4 x lo5 lo4 
Conductivity (mhos/m) 20,600 2,000 <20 
(Hol zschuh) (Scruggs 
The team disagrees on why the fiber go€: t o  4,000 voltslmeter 
while the composite becomes non-1 inear a t  250. Scruggs claims i t  i s  
due t o  heat, b u t  Holzsch.~h disagrees. Neither article mentions the role 
of fiber-to-fiber junctions in lengthwise conduction; nor is there a 
discussion of the contradictfon between crossfiber and longitudinal 
temperature dependance. Experimental fiber i engths varied from L to 
full length of the slab, and the voltage gradients in the slabs were 
concentrated a t  the fiber ends. 
Tne complete independence of crossf iber conduction from 
temperature is due t o  el ectrolytical ly deposited graphite (a General 
Electric $evelopment) conducting only in one plane. This suggests 
t h a t  graphite fiber conductivity and i t s  temperature dependence may 
not be isotropic. 
3.3.2 Work a t  Douglas Aircraft 
Kung (reference 17) used the Thermovision camera tc~ study 
fiber involvemeet. He noted t h a t  as the voltage across the sample rose 
the resistance decreased (mcre ibers becoming involved), b u t  the 
inductance remained constant. Kung note: : 
"This non-1 inear resistance property has been determined 
by observation of the Tnerlovision d a t a ,  t o  be a function 
of the joint design. The initial rate of rico an3 peak 
amplitudeof thecurrentwaveformaffec:~ - tea twhich 
the number of graphite fibers become invclved in the current 
transfer near the joint interface area, thus changing the 
overall test specimen resistance value. These results in- 
dicated that for a conductive joint, the design objective 
should be to involve as many graphite fibers as is practicable 
for the transfer of current in the joint interface area." 
It appears that graphite joints on a space platform require 
trea+mnt that is tailored to the magnitude and rate of rise of the 
anticipated electrical current. For example, achievement of a low 
resistance for low current levels will require more fiber contact than 
for high cur-rent levels. 
4.0 GROUNDING/ BONDING PHILOSOPHY 
Spacecraft for the 1980's will have power requirements of a 
few wtts to 2.5 megawatts. The bondino and qrounding of these units 
will vary considerably. Smaller spacecraft, with powered loads to 
5 KW will use standard, single-point grounding techniques w i t h  the 
solar arrays referenced to the central load module. Larger spacecrcft 
using mu1 t ip le  solar array sections, capable of beina transported t o  
space via the shuttle and assembied in space. may have a main load 
center and several remote load cerrters. Those spacecraft will require 
special bonding and grounding considerations. 
4.1 DECENTWLI ZED LOAD CENTER 
A large spacecraft may have one miin load center and one or 
more remote load or control centers. The problem that exists for 
these remote centers i s  the voltage differential between the r m t e  
load center and the main 1 oad center due to 1 ine voltage drops. There 
are three rethods for connecting these remote controi centers to the 
main load center; ( 1 )  hard lines w i t h  isolatina trmsformer, ( 2 )  fiber- 
optics, and (3 )  radio frequency l-nk. 
Hard lines require that the gower, comnunication, and control 
1 ines a1 1 be insulated f:m the structare surfaces and that lines 
other :ban power be sectioned and isolated with transformers. Even so, 
a voltage differevtial would exist between he ends a t  the l ine 
shields and structure andior nearby power 1 ines. Power 1 ine transients 
could induce large cornnon mode voltages i n t o  the lines creatinl; inter- 
ference to the remote sensors. 
Long fiber optic lines nay require repeaters. Nul t iole  
connections could be a 7robIem. Tfie remote centers nowever, \ a u l d  
have their own grounds and Se isolated from the main load centsr. 
Radio l i nks  require added equipment as do the fiber-optics. 
Interference f roa outside sources and transceiver r e l i a b i l i t y  would 
be a problem. The radio l i n k  i s  easiest t o  repair  and maintain because 
each transceiver has an assigned location and controls a specific 
se t  of equipment on the spacecrait as shown i n  f igure 4.1-1. 
4.2 Ground P r i  nc i p! es 
4.2.1 Nature of Grounds 
Ground i s  a r e l a t i ve  concept, signifying a reference potent ia l  
comron t o  some zone o f  interest; i t has no useful absolute meaning. 
For example, i n  the zone comprised of Earth and i t s  atmosphere, the 
pozential of a charged spacecraft i s  unambiguous. This resu l ts  from 
the Earth being large and a conductor, thus, establ ishing an incon- 
t rover t ib le  reference: a ground f o r  i t s  zone. But the i n t e r i o r  of 
a spacecraft i s  a d i f f e ren t  zone wi th  a d i f ferent  ground. Relat ive t o  
that  ground (spacecraft i n t e r i o r  zone) the power source neutral i s  st 
zero volts, not the spacecraft charge w i th  respect t o  Earth. I n  addition, 
when another spacecraft Cc-cks t o  the spacecraft the power source neutral 
i s  s t i l l  a t  zero vol ts insofar as the i n t e r i o r  zone observer i s  ccncerned. 
Likewise, the Cocking spacecraft w i  17 maintain i t s  i n t e r i o r  zone ground 
u n t i l  the two spacecraft are connected as one uni t .  if the referent? 
spacecraft i s  composed of a graphite composite material, the important 
questions are: "what i s  r ea l l y  d i f ferent  between the two joined space- 
craft ,  and what i s  now the reference for potentials w i th in  the reference 
spacecraft?" The important difference i s  that  the enveiopina, dominating, 
m t a l l i c  frame of the reference spacecraft i s  replaced by a structure o f  
uncertain e lec t r i ca l  cont inui ty t o  the docked spacecraft. Earth i s  too 
far  away to  provide an unambiguous high frequency reference, and what 
nearby metal parts do ex is t  are ei ther too small, inaccessible, or  not 
unipotential. Because there i s  nothing incontrovc ' t i b l e  to  re la te  to, 
there i s  no ground (except a t  DC) .  F inal ly ,  suopdse that  the reference 

spacecraft interior is provided w i t h  a continuous metal surface. 
1 he observers' uncertainty partially clears : object potentials 
near the large metal sheet can conveniently, accurately, and 
without controversy be measured w i t h  a voltmeter. The potentials 
of objects not so near the sheet remain controversial. Note that con- 
nection of the metal sheet t o  another vehicle o r  another section of the 
spacecraft does not affect those statements. If an interior i s  sewed 
throughout by a conductor wide enough t o  maintain a cormn potential 
even while returning large high frequency currents, then that zone 
has a ground. I t  follows that any zone w i t h i n  the above also has a 
ground (the same one, or a shielded cell ) , b u t  that a larger enveloping 
zone may not. 
4.2.2 Circui t-Ground Relationship 
. Interconnect circuits and ground share interdependent, design 
requirements, a situation that must be recognized i n  organizing an installa- 
t i o n  i n t o  zones for grounding. In out1 ine, cables between zones must conafn 
only transmission lines and the zone of a ground must encompass all  zone 
interconnects that contain circilits. A fuller statement follows. 
Parameters o f  the interrelationship describe two sets of sross pro- 
perties: f i rst ,  an electrical interconnection may be characterized for 
grounding purposes by these comnon :node properties: 
a)  Comnon mode (CM) impedance: the impedance measured between the 
two end reference points using a perfect ground as return. 
L?) Comnon mode current: the net current found if the two end reference 
points are banded t o  a perfect ground. 
t ) Comnon mode voltage (GYV) tolerance threshoid: the permissibie 
vol tage difference between the two end reference points, appl ied 
using a perfect ground as one lead. 
Some examples: An optical cable will have infiqite i?! inpedance and 
C A W  threshoia and zero CN current. An AC power circuit will have h i g h  CN 
impedance and near-zero 0 1  current (assumes no ioad bypass capacitors) 
until faulted to ground. A grounded transducer monitored by a differ- 
ential amplifier via a shielded pair, shield open at the amplifier, will 
have high CM impedance, zero CM current and a CMV threshold of a few volts 
at 60 Hz, less at higher frequencies. Adding a double grounded shield to 
any circuit lowers the CM impedance and self-generated current but does 
not change the CMV threshold (except if totally shielded). 
Second, a ground may be characterized for circuit protection 
purposes by its extent and impedance: 
a) Uhether or not it connects two points of interest. 
b) Impedance between those two points (comnon path used as return). 
c) Survivability, i .e., oxidation and fault current. 
The interdepance can be put in the following two ways, first 
qual itatively: An electrical interconnection can be implemented without 
ground using a circuit with low CM current and high CM threshold, e.g., a 
reference transmission line. The transmission can also be implemented 
using an unbalanced, low impedance, vulnerable circuit that is protect~d 
by a good high-frequency ground. Quantitatively, a fairly general 
rule can be made that the impedance of the ground should be many times 
lower than the Cil inpedance of the circuit. A fixed ratio is not an 
appropriate guide because the environment may also drive current through 
the ground. In any case, the voltage drop in a ground path due to 
both environment and circuits should be below the CMV threshold of all 
circuits sharing the ground path. This interdependence is the guide 
for choosing the extent of a circuit zone to be provided with ground. 
4 . 2 . 3  Cul -de-sac Ground Design 
By putting the interior zone in a cul-de-sac, environmental 
currents are almost entirely excluded; whatever the qual i ty o f  the zone 
ground, it will perform better if re1 ieved of these external stresses. 
The idea is not new, being normal practice in shielded room design. 
In another industry which uses the cul-de-sac idea, the single area of 
connection is called the "grounding window". This "rvindow" gets special 
attentian here and wi 1 1  be cal led a "single-plate connection". 
4.2.4 Singls-Plate Ground Connection 
Protection of a zone of electronic equipment by putting it 
into a cul-de-sac requires that not only the zone ground but all cables 
and every interconnect m s t  run out of the mouth of the sac, the 
"grounding window". This can become perforce a rather large area, even 
an entire wall. The larger it is the greater is the likelihood of external 
currents coming in (figure 4.2.4-1A). The prevention is to "plug" the 
"window" with a sheet of metal and connect to it all entering conduit. 
In effect, the feed-through panel of a shielded room is installed. 
Considering that this metal "plug" is also the only connection between 
the zone and the remainder of the spacecraft, the name "single-plate" 
is appropriate. In summary, the single-plate does two things: 
1. Shorts out extercal voltage differences. 
2. Establishes the potential of the protected zone with respect to the 
zone. 
4.2.5 Electronic Areas 
Electronics space can be grounded most economical ly if arranged 
in squarish "circuit zones" not too large in size. These are the 
cul-de-sac zones. The metal "sheet" forming zone ground is described 
later. 
The maxivum good length of an information circuit not specially 
designed for distance is something under 50 feet. Lacking other require- 
ments then, the space may be subdivided into squarish zones up to 50 feet 
on the longest side. If a larger physical grouping is needed, then it 
should be subdivided electrically. The circuit zones resulting from 
subdivision of such a large grouping must each one be connected per the 
cul-de-sac idea. 
4.2.5.1 Cableway Location 
The clll-de-sac or, "grounding window", scheme requires that a1 1 
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Figure 4.2.4- 1: Cul de Sac Ground Concept 
cables and conduit  enter ing a zone do so v i a  the s ing le  plate. This 
connecting p la te  w i l l  t y p i c a l l y  occupy much o f  one wa l l  and should not 
extend t o  two walls. Cableway planning should therefore assign 
single-plate locat ions t o  each zone, and implement connecting routes. 
One wa l l  i s  t o  be designated the "interconnect window", which 
i s  t o  say, the s i t e  of the "single-plate" f o r  the zone. This p l a t e  i s  
a metal sheet w i t h  many cable and duct penetrations. The other  three 
walls, and f loor  and c e i l i n g  are not  t o  be penetrated by me ta l l i c  runs of 
any kind. 
4.2.5.2 Power Transformers 
Separate power transformers are  advisable for  each major 
independently managed a c t i v i t y  which may occupy a f a c i l  i t y .  At  the 
least,  e lect ronics should no t  share a transformer w i t h  SCR-controlled 
motors, o r  solenoids. 
4.2.5.3 C i r c u i t  Zone I s o l a t i o n  
The cul-de-sac design approach requires tha t  the c i r c u i t  
zone ground and a l l  t ha t  i t  connects be insulated from e l e c t r i c a l  
contact w i t h  anything other  than the designated single-plate. 
4.2.5.4 Single-Plate Ground Connection 
The s ingle-p late shunts together a l l  "zero" voltage conductors 
tha t  connect w i th  a c i r c u i t  zone; it i s  a lso the o r i g i n  o f  ground f o r  
t ha t  zone. 
I n  s ize t h i s  p la te  must accomodate a l l  penetrations of the 
zone as described below y e t  not  extend beycnd one wa l l .  f la te r ia l  and con- 
s t ruc t ion  should be the same as the wa l l  of a shielded o r  screened room 
through which cab1 i ng  enters. However, because the grounding function i s  
less d i f f i c u l t  t o  achieve than electromagnetic rad ia t ion  shielding, 
i t  i s  a lso acceptable t o  use f o i l  (0.01 inch) attached t o  a s t ruc tu ra l  
wal l .  The p la te  may be composed o f  smaller const i tuent  plants, each 
accomnodating pa r t  of the t o t a l  interconnect, which are jo ined w i t h  
wide (width a t h i r d  o f  length) straps. 
Mater ial  may be copper o r  aluminum. If aluminum, use ex t ra  
heavy fasteners and bonding adhesive a t  a l l  j o i n t s  plus proper i n te r -  
mediate washers a t  d i ss im i l a r  metal j o in t s .  
Incoming power conduit and safety re tu rn  (green wire)  must 
be connected t o  the single-plate. This should be accomplished by mounting 
the zone d i s t r i b u t i o n  panel on the single-plate, the ground bus ins ide  
connecting to  the panel. Resistance from the  power safety ground bus t o  
the single-plate should not exceed 0.010 ohm. 
4.2.5.5 Signs1 Conduit and Overall Shields 
Signal conduit and overa l l  shields should bond t o  the single- 
p la te  w i th  a grounding clamp o r  conduit nut. Straps are less ef fect ive.  
4.2.5.6 Metal Ducts and Trays 
Metal ducts and t rays should be bonded t o  the s ingle-p lz te 
a t  the entry  w i th  two short  straps put on a t  the corners. 
4.2.5.7 C i r c u i t  Shields, Returns, and Coax 
No f i xed  r u l e  appl ies t o  c i r c u i t  shields, returns, and coax 
incoming "zero" vol tage conductors; they are expl i c i  t c i r c u i t  elements. 
Consideration areas follow: I f  a zero voltage conductor connects w i th  a 
nearby c i r c u i t  zone, then t h i s  conductor can pzss through the s ingle-p late 
ungrounded by v i r t u e  o f  having the status of the high voltage conductor. 
If, however, the run connects w i th  t b r  exter ior ,  then the subject conductor 
may be a very intense source which should be graunded t o  the single- 
p l z t e  to  protect  the zone from damage ( f igure  4.2.4-18). 
C i r c u i t  grounding t o  the s ingle-p late i s  best accomplished 
by mounting t o  the s ingle-p late a junct ion box i n  which the junct ions 
have close access (5  10 cm) t o  a grounding plate. 
4.2.5.8 C i r c u i t  ZoneGround 
Zone ground construct ion should u t i l i z e  e x i s t i n g  metal if 
such i s  insulated from the  spacecraft s t ruc ture  and we l l  bonded. The 
minimum design scheme i s  t ha t  every cable i n  the c i r c u i t  zone requires 
an adjacent ground path. More width i s  be t te r ,  bu t  extent beyond zone 
boundaries i s  not  benef ic ia i .  
I f  cabl ing i s  i n  trays, the t rays can furn ish a good :round. 
Sheet ~neta l  " f loors"  should be added t o  increase long i tud ina l  conductance 
(admittance) and j o i n t s  should be bonded (bol ted s t ruc tu ra l  connectors 
are adequate if the faying surfaces are bare and clean). 
4.2.5.9 Power Conduit 
Power conauit should be run a t  the same height  as the zone 
ground and may be connected thereto. 
The degree o f  protect ion afforded by zone ground incresses 
w i th  i t s  size. If the ground only  underl ies (over l ies )  each cable 
route, then the ground i s  nothing more than a conduction shie ld.  If 
the ground i s  increased t o  cover the f loor,  then i t  becomes an induct ion 
shield. If the ground i s  increased t o  f i ve  sides w i t h  the s ingle-p late 
completing the s ix th,  then t' 2 ground has become a rad ia t i on  shield. 
Connection from the trunk ground paths t o  cabinets should i n  
general be effected w i th  two, s ix- inch straps per cabinet, a t  the ex t ren i t i es .  
Connection from the ground t o  the single-pl  ate (bonded) should 
be wide enough t o  encompass the width of cabl ing penetrat ing the single- 
plate. Power shal l  be run d i r e c t l y  from the f i r s t  panel fo l lowing 
transformation. 
If line filters are to be installed, they should be mounted 
on the single-plate, following shielded-room practice: install conduit 
from the filter to the outside of the single-plate, then penetrate. 
If an isolation transformer is to be added, then the case 
and the second neutral are grounded to the single-plate. 
4.2.6 Launch Compl exes 
Launch complexes are too spzced out to be made unipotential, 
yet they are so interconnected that a tendency exists to use ordinary 
interconnect circuits in spite of the 1 arge reference vol tage differences. 
It is necessary that these differences be minimized whi:? et the same 
time maintaining circuit invulnerability. 
4.2.6.1 Land Lines 
Each land line cable route over an earth path should be 
protectively run in metal trays. These must be bonded to form a length- 
wise continuous path. Path width should be s~fficient to permit spacing 
unlike cables apart by about one foot (twice the height of the highest 
cable pile). At building entry the tray must be well strapped to 
building ground. 
For lightning protection an earth connection is needed just 
outsidt each building entry and at least each iOGO feet enroute. These 
are in addjtion to building earth connections. 
4.2.6.2 Uabilical Towers 
Electronic installations in umbilical towers are special 
because the cables are long and exposed to lightning induction. 
The effect of distance and nearby interference currents is 
to cr,?ate a difference of potential between different levels of the 
tower, a problem for any c i r c u i t s  running v e r t i c a l l y .  
One approach t o  reducing t h i s  d i f ference i s  t o  i n s t a l l  one o r  
more heavy copper conductors the height of the tower, these being connected 
t o  the tower s teel  a t  only  the bottom end; t h i s  approach i s  based on 
the expectation t h a t  by keeping la rge  currents out  o f  these conductors 
they w i l l  provide a qu , 2 t  ground upstairs.  I f  shielded, such busses 
can be of benef i t ,  but  i r e  no t  an ecomonical way t o  achieve the un-ipotential 
goal. Further, upsta i rs  c i r c u i t s  which use the s ing l y  grounded busses must 
themselves not connect t o  local  structure, a handicap t o  sh ie ld ing  and 
f i l t e r i n g  designs. For these reasons s ingle po in t  grounded v e r t i c a l  
busses are not  recomnended. 
Cabinet c i r c u i t r y  should be referenced t o  metal s t ruc ture  
a t  i t s  own leve l .  Ver t i ca l  reference s h i f t  i s  minimized by i n s t a l l i n g  
ve r t i ca l  cables i n  steel cableways tha t  form an overa l l  shield. Design 
o f  v s r t i c a l  c i r c u i t s  f o r  t h i s  k ind o f  ground i s  easier than for  the  
sing1 e-point-grounded reference. 
Primary st ructure o f  metal towers need not  be spec i f i ca l l y  
bonded e l e c t r i c a l i y  due t o  the good propert ies of large sections and 
high fastener pressures. L igh t  members and hinged members requ i re  bondinq. 
MIL-B-5087 o r  equivalent i s  a good t e x t  f o r  treatment o f  a l l  n ~ n - ~ r i i a r y  
mgtals i n  the umbi l ica l  tower. Bonding i s  essent ial  t o  the purposes r '  
l i g h t n i n g  protect ion, e l e c t r i c a l  power fau l t  safety, e lect ronics ground 
creat ion and radio wave heterodyne prevention. The fol lowing general 
ru ies  apply t o  s t r ~ c t u r e ,  ana a1 so t o  cabinets, ducts, brackets, stanchions 
and r igg ing.  
8 Bond per MIL-8-5087 a l l  non-primary st ructure j o i n t s  which: 3 )  1 i e  
i n  9 r  near ( 6  f ~ e t )  the path of l i gh tn ing  current, b)  l i e  i n  a pos- 
s i b l e  - I s c t r i c  power ground f a u l t  path, c )  are traversec by e l e c t r i c  
cablif ig, and d) are s i tuated i n  the near f i e l d  o f  an antenna. 
e Insulate o r  bond a11 non-primary st ructure and riggi;lg Jo in ts  which 
are not  so d i r e c t l y  involved as those l i s t e d  above. 
Incoming cable trays are t o  be strapped to the tower structure to 
provide ground path cantinui ty  for the cab1 ing. 
Tmr corners are to be connected to earth. 
HIL-85087 covers bond3 ng of rotating Joints. 
Due t o  the very large reference d i  fderence between tcwer 
(or support equipment mom) and 3 launch vehicle, a special class of 
circuit design i s  aporcgriste for mbilical cables. Two of ?he ground 
ramifications are: 
a )  The only permissible double grounded shield is one which encloses an 
entire cable and terminates ui t h  a 360' jieripheral bond to the 
umbilical plug shell. 
b)  Circuits nust have nigh comon mode- impedance (a t  least 10,000 ohms) 
znd high ccmnon inode voltage threshold (at  least 24 volts). 
4.2.6.3 Launchers 
Launcher design shall incorporate a vertical conducting path  
frcm each holding support to a perimeter conductor a t  earth grade and 
past that to eart? connections. The pe~imeter conductor i s  connected 
to the "comnon launch ground." 
4.2.6.4 Equipment Rooms 
An equipment room- is  a "circuit zone" that has to be protected. 
The "single-plate," i s  to be strapped t o  "comn launch ground" and a1 so 
connectea t o  earth. 
4.2.6.5 Cornon Launch Ground 
The f i r s t  priority a t  the earth interiace for a launch complex 
is  interconnection of the grounds of the tower, launcher, and equipment 
room t o  minimize a reiati.de difference of potential. T+is should be achieved 
by relying on the continuous metal paths fomea by interconnecting cable 
trays. 
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The second p r i o r i t y  i s  making earth connections a t  the launcher base, 
tower base, and (possible, depends on arrangement) equipolent roan. 
Lightning codes provide detai ls. 
The resu l t ing design should be reviewed t o  assure that  
every conductor entering an elet!ent of the c w l e x  has i t s  sheath 
connected a t  the entry t o  the local  ground. This w i l l  be, for exanple, 
the equipment room single plate, the launcher perimeter conductor, 
and t ke  umbilical toner structure. 
4.2.6.6 Checkout Areas 
Support equipment should be organized i n to  c i r c u i t  zones. 
The f l i g h t  hardware should be placed on a sheet of metal, a bonded 
frame, o r  other obviously dominant ground. (Connections between t h i s  
support ground and the fl ight  hardware are program pecul i a r ) .  This 
support ground under the f l i g h t  hardware i s  t o  be cocnected t o  the 
single-plates (or  equivalent ground connection) of c i r c u i t  zones wi th 
which the f l i g h t  hardware has connection; these connections should be 
effected wi th a bonded cable tray. The fl igh t  hardware support gro~;nd 
should be insrrlated from other connections so that  the f l i g h t  hardware 
i s  i n  a cul-de-sac. 
4.3 Bonding Principles 
This paragraph defines the bonding and ground requirements 
for large spacecraft w i th  singular and mult ip le eTectrical/e:ectronic 
load centers powered by a single power d is t r ibut ion system. 
4 . 3 . 1  oonding Within Metal l ic  Islands 
The bo~d ing  design of a large platform can be resolved in to  
bonding for long paths and bonding for short paths wi th in discrete smaller 
areas. Interactions between these resolved designs are easi ly  assessed 
and corrected. This zpproach permits each discrete smaller area, i.e. "island", 
t o  be almost completely designed without constraint from other parts 
of the p la t fom design. Therefore, each island o f  high signal 
interconnectivi ty can be treated as a free spacecraft insofar as 
bonding design i s  concerned. 
An inmediate benef i t  of the reduction i n  design problem 
size achievable by t h i s  resolut ion i n t o  islands i s  the option t o  use 
metal st ructural  materials. If these are chosen, then bonding design 
o f  an island reverts t o  present spacecraft standards. Hetal l  i c  structure 
resul ts i n  %ininurn e lec t r i ca l  and electronics cost and weight because 
i t  maximizes the u t i l i t y  of (s isgle)  single-ended c i r c u i t  design. 
If the metal1 i c  structure option i s  not chosen, then the 
island can be further resolved i n t o  smaller islands. This preliminary 
design process can proceed t o  the 1 imi t ing design i n  which lone metal 
electronic cabinets are matrixed i n  a completely graphite-epoxy 
structure. 
€1 ectrcnics cost increases as the percent of graphite- 
epoxy increases; t h i s  i s  a consequence of the increased subst i tut ion of 
electronic isoiaters (e.g. opt ica l  1 inks) f o r  wiring. The optimum 
balance of graphite-epoxy and metal structure i n  designing an island 
w i l l  depecd upon the state cf electronics a r t  a t  the time. 
This optimm design may include the addit ion of non-struc:ural 
metal l i c  surfaces i .e. meshes, fo i l s ,  embedded screens o r  co l lo ida l  sprays 
because these a1 so reduce electronics cost. These processes are usual 1 y 
referred t o  as "metall ization"; the resu l t  i s  a "rretal l ic" structure. 
Because of the inevitable existence o f  metal l ic  islands 
or  i s l e t s  somewhere i c  a platform it i s  wort.hhile t o  s u m r i z e  soae 
of the considerable body o f  industry experience wi th  bgnding and c i r c u i t  
grounding i n  metal 1 i c  spacecraft. 
4 . 3 . 2  Metal l ic  Spacecraft Bondins 
Bonds are made to establ ish conducting paths i n  meta l l i c  
structure. Path usage determines the structural  conducting properties 
and hence the kinds o f  bond. There are four main usages: 
i )  Power return, both normal faulted 
i i ) Vol tage reference, both intentional and spurious 
i i i ) Antenna counterpoise 
i v )  Stat ic  bleed 
4.3.2.2 Stnrslary O f  Present Bonding Designs 
The s ta r t ing  design of most spacecraft u t i l i z e s  structure 
conduction only for st ray voltage reference (EHI return) and for s t a t i c  
bleed. I n  a very few cases that  we know of the structure does carry 
power intentional ly. (Boosters and the shut t le  o rb i te r  structures 
carry power, but these are not considered spacecraft here). i h i s  
avoidance of power current i n  s t r uc t i ~ re  has several origins, and one 
i s  the re la t i ve ly  f r a i  1 nature of spacecraft structures. Magnesium 
i s  often used, and magnesium does not bcnd weli. 
I n  a magnetically stabi l ized s a t e l l i t e  and i n  any spacecraft 
wi th aagnetometers on board the structure carr ies no power because such 
would create ac in ter fer ing vagnetic f i e ld .  
I n  large sa te l l i t es  and i n  the Apollo spacecraft one f inds 
l imi ted use of structure f o r  carrying power current, and t h i s  i s  
possible because of re ia t i ve ly  massive secticns and largely a1 uminum 
cmstructions. 
Spacecraft w i th  antennas receiving i n  the frequency range 
below j0 MHz must r e s t r i c t  the f l o w  of power i n  structure for the same 
reason as i n  magnetical l y  stabi 1 ized sate1 1 i tes (noted above). For 
a~tennas operating below 50 KHz the flow of power i n  structure i s  not 
acceptable. 
Thermal i so la t i on  requirements of ten oppose the establ ishment 
of conducting paths i n  structure. A comwn compromise i s  t o  bond w i th  
small wire; high frequency bonding i s  los t ,  and c i r c u i t  design may 
consequently need r e v i  sion. 
Bonding t o  achieve a vol tage reference, i .e. , a "ground plane" 
i s  general pract ice i n  a l l  me ta l l i c  s a t e l l i t e s .  This i s  done regardless 
o f  whether any current f lw i s  predicted. The benef i t  i s  t ha t  one then 
has something i n  which t o  connect shields and bypass capacitors ( f i l t e r  
cases). This benefi t  can cause problems if too much VLF t o  HF (audio 
t o  30 HHz) current i s  in jec ted i n t o  st ructure near antennas. I n  a 
sate1 1 i t e  w i t h  a rigorous single-point-ground requirement plus, a t  the 
same t ine, a rigorous bonding requirement, one has a paradox: a ground 
plane i s  created but i t  must not be used. Experience shows t h a t  a good 
ground plane can be used f o r  moderate l eve l  wideband ret t lms near m n y  
antenna i n s t a l l a t i ~ n s .  I n  any case, a good ground plane w i l l  enable 
rninitmm electronics cost. 
Actenna counterpoises and re f i ec to rs  aboard spacecraft almost 
ziways are mad? up of dedicated structures i n  contrast t a  airplanes 
i n  which use 0;' the primary structures f o r  t h i s  purpose i s  c c m n .  
Vhere st ructure dces enter ac t i ve l y  i n t o  the near f i e l d  o f  an antenna 
then the necessary bonding should create a geometrically unobtrusive 
j o i n t  w i th  good surface properties; a l o w  resistance i s  not necessari ly 
needed. 
Mul t i layer  thermal blankets must be provided w i th  a s t a t i c  
bleed for  each layer  t o  reduce spacecraft charging t o  an acceptable 
level.  External non-conducting surfaces o rd ina r i l y  ace a1 lowed t o  
bleed off without special provision, however there i s  verying concern 
about t h i s  problem. Material select ion i s  important. 
4.3.3 Bond Processes 
Frequency determines whether a bond need be of faying type 
(and, i f  so, fastener spacing) o r  jumper type. f l u l t i p le  jumpers can 
be traded fo r  faying bonds a t  medium frequency. Once the geometrical 
aspects have been determined, the remainder o f  the design concern i s  
resistance value and re1 i a b i  1 i ty. 
Structura l  fasteners are considered t o  pmvide HIL-B-5087 
Class R (2.5 mil l iohms) bond i f  the j o i n t  has s i x  o r  more fasteners; 
t h i s  assumes conducting material  but  no special surface preparation. 
If the surface i s  prepared (cleaning, p la t i ng  etc. ) then a s ing le  
fastener over 0.75 cm (0.3 inch) o r  longer w i l l  meet Class R. !Ion- 
s t ruc tura l  fasteners tend t o  produce poor bonds, and so surface 
preparation plus special assembly precautions are i n  order. Thin 
sections engender smal; fasteners, hence poor bonds. The net  r e s u l t  
of t h i n  sections and magnesium i s  t h a t  spacecraft bonds tend t o  
be aimed a t  10 t o  25 mill iohms versus the Class R. 2.5 milliohms. 
This i s  probably one reason for the consensus on keeping power current  
out  of structure. 
4.4 Compatibil i t y  With Structure Materials And Configuration 
Assembly/Deplayment And Ground Philosophy For LSST 
The primary concern w i t h  campat ib i l i t y  i n  LSST s t ruc ture  
materials i s  the use of graphite/epoxy composites i n  combination w i th  
various metal 1 i c  structures exposed t o  ear th  storage and space operational 
environments. This sect ion w i l l  discuss compat ib i l i t y  of s t ructure 
materials i n  the areas o f  (1) di f ferences i n  thermal expansion between 
contacting materials, (2)  differences i n  galvanic potent ia l  between con- 
tac t i ng  materials, (3 )  suscep t ib i l i t y  of epoxy matrices t o  moisture 
and space radiat ion,  (4)  vulnerabi l  i t y  t o  environmental e l  ectrorriagnetic 
hazards, and ( 5 )  grounding philosophy. 
Advanced composites are u t i l i z e d  extensively i n  spacecraft 
structures because they can s ign i f i can t l y  reduce weight, increase 
st i f fness and dimensionai s t a b i l i t y ,  and reduce manufacturing costs. 
Composite materials are a synthet ic combination of 2 strong, s t i f f ,  
f iber  (reinforcement) imbedded i n  an organic res in  or neta! (matr ix).  
The unique advantageous proper t ies o f  advanced composites are tempered 
by the many compatibi l  i t ?  problems posed by t h e i r  in t roduct ion i n t o  
spacecraft structures. Compatibi l i ty d e f i n i t i o n  and descr ipt ion for  
t h i s  repor t  w i l l  be 1 imi ted t o  graphite reinforced epoxy matr ix  composites. 
4.4.1 Thermal Expansion 
Graphite/epoxy composites, when designed w i t h  cor rec t  f i be r  
or ientat ion,  have very low o r  no c ~ e f f i c i e n t  o f  thermal expansion. This 
resu l t s  i n  spacecraft s t ruc tu ra l  members which are dimensionally s table 
through a l l  temperature ranges encountered on ear th and when deployed 
i n  a space environment. f igures 4.4.1-1 and 4.4.1-2 i l l u s t r a t e  the 
thermal expansion characteristics of graphite/epoxy composite i n  the 
1 ongi tudinal  and transverse d i r e c t  ions, respect ive ly  (reference 18). 
Incorporat ion o f  d i f f e ren t  and necessary materials i n t o  the 
st ructure which are i n  d i r e c t  o r  i n d i r e c t  contact w i t h  graphite composite 
can s i g n i f i c a n t l y  affect attempts t o  maintain dimensional s t a b i l i t y .  
Nechanica! 1 y attached o r  bonded assembl ies  fabr icated under o r  exposed 
t o  temperztvre changes i n  space are most d i f f i c u l t  t o  contro l .  Aluminum 
and magnesium components w i th  r e l a t i v e l y  large coef f ic ients of thermal 
expansion present the greatest problem of residual stress and s t ruc tura l  
d i s to r t i on .  Steel and t i tan ium are more compatible bu t  must be care fu l l y  
d i  signed i n t o  the structure. 
Development i n  a l te rna te  materials o r  more compatible mater ials 
i s  required t o  minimize mismatch i n  thermal coef f i c ien t  of expansion w i th  
composite structures. 
4.4.2 Electromotive Potent ia l  
E lec t r i ca l  conduct iv i ty  of graphi teiepoxy composite occurs through 
the graphite f ibers. Therefore, e l e c t r i c a l  contact between the c o ~ p o s i  t e  
and surrounding st ructure involves graphite and another (metal 1 i c )  mater ial  . 
The electromotive potent ia l  between graphite and metal/metal a l loys  i s  
su f f i c ien t  t o  be of major concern from a corrosion standpoint. The 
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potent ia l  d i f ference between graphite and a1 uminum can theo re t i ca l l y  
reach approximately 2 vo l t s  i n  the presence of contaminating moisture. 
Structura l  components of d i ss im i la r  materials ( p r i o r  t o  assembly and 
launch) must be maintained i n  a clean, sealed, moisture-free environment. 
A1 ternate pro tec t ive  measures involve e l e c t r i c a l  i so la t i on  o f  the d i f ferent  
materials through priming and paint ing w i t h  non-conductive paints and 
finishes. This l a t t e r  method, however, does not  al low for  e i e c t r i c a l  
cont inui ty .  
Spacecraft respond t o  the natural space environment by assuming 
a range o f  potent ia ls  r e l a t i v e  t o  the plasma potent ia l  depending on 
the 7?asma density, charged p a r t i c l e  f lux,  and so lar  i l luminat ion.  Thus, 
i t  i s  necessary t o  maintain continuous e l e c t r i c a l  paths throughout 
the structure. Current spacecraft already use insulators, such as Kapton, 
and have met the spacecraft charging problem w i t h  reasonable success. The 
use of a composite st ructure w i l l  change the nature of the spacecraft 
ground and complicate grounding procedures. Concerns such as e l e c t r i c a l  
cont inu i ty  through the s t r .  tu re  w i l l  become more important through the 
composite j o i n t  problem. However, i n i t i a l  resu l t s  w i th  composite spacecraft 
have indicated tha t  composite j o i n t  designs are workable. As a r e s u l t  
of t h i s  po tent ia l  corrosion problem, Boeing has established the design 
c r i t e r i a  shown i n  Table 4.4.2-1 fo r  composi te/metal l  i c  j o i n t s  i n  spacecraft 
(reference 19). 
TABLE 4.4.2-1 
RECOMb4ENDATIONS I;{ DESIGNS WHERE GRAPHITE/EPOXY I S  
COUPLED WITH OTHER MATERIALS, FOLLOW THE RULES BELOW: 
METAL GROUP I NG 
MAGNESIUM ALUMINUM LEAD, TIN, CRES, NICKEL, AND COBALT 
AND ALLOYS , BARE IRON BASED ALLOYS, TITANIUM, 
MAGNESIUM CADMIUM AND CARBON COPPER, BRASS, CHROME PLATE 
ALLOYS AND ZINC OR LOW ALLOY 
PLATE STEELS 
DO NOT COUPLE GROUP I, iIy OR 111 METALS DIRECTLY TO GRAPHITEIEPOXY. 
WHEN GROUP I, 11, OR 111 METALS ARE WITHIN 3 INCHES OF GRAPHITE/EPOXY 
AND CONNECTED BY AN ELECTRICALLY CONDUCTIVE PATH THROUGH OTHER 
STRUCTURESy ISOLATE* THE GRAPHITEIEPOXY SURFACES AND EDGES. 
TITANIUM, CRES (A286 OR 3 0 0  SERIES STAINLESS STEEL), NICKEL, AND 
COBALT-BASED ALLOYS MAY BE COUPLED TO GRAPHITE/EPOXY STRUCTURES. 
WHEN OTHER GROUP IV METALS ARE COUPLED, ISOLATE* THE GRAPHITEIEPOXY 
SbRFACES AND EDGES. 
* ISOLATION SYSTEM: 
e ONE LAYER OF TEDLAR; OR TYPE 1 2 0  
GLASS FABRIC WITY A COMPATIBLE RESIN; 
OR F I N I S H  
4.4.3 Suscep t ib i l i t y  Of Epoxy l h t r i c e s  To Moisture and Space 
Radiation 
Cured epoxy res ins contain h igh ly  polar  molecular groups which 
have a strong a f f i a i t y  fo r  water. Environmental moisture i s  absorbed 
i n t o  the epoxy matr ix  o f  graphite composites. The absorbed water acts 
as a p l a s t i c i z e r  s ign i f i can t l y  reducing the mechanical and thermal 
propert ies of the epoxy, and i n  turn, the composite matr ix  dominates 
loaded structure. 
Protzct ive coatings appl ied t o  the composite surface t o  pre- 
vent water absorbtion are  ine f fec t ive  since most of the coatings a lso 
absorb water. Nany spacecraft s t ructures are being designed w i t h  com- 
posites tha t  are st i f fness c r i t i c a l .  Absorbed moisture decreases 
composite s t i f f ness  and contr ibutes t o  dimensional i ns tab i  1 i ty.  The 
actual r a t e  of d e t e ~ i o r a t i o n  i n  propert ies i s  dependent upGn the spec i f i c  
res in  matrix, o r ien ta t ion  of the graphite f iber ,  exposure temperature, 
r e l a t i v e  humidity, and r a t i o  o f  s t ruc tu ra l  surface area t o  volume. 
Control l ed  temperature and humidity for spacecraft during 
storage i s  v i t a l  t o  assure maximum perfcrmance when placed i n  space. 
Non-permeable metal1 i c  coatinss s i g n i f i c a n t l y  a f fec t  s t ruc tura l  
weight, as we l l  as cont r ibu te  t o  d i s t o r t i o n  which makes them a poor 
so lu t ion  t o  t h i s  compatibi l  i t y  problem. 
The effect of humidity upon epoxy res ins has been studied 
extensively the l a s t  few years. Results of these invest igat ions ind ica te  
s ign i f i can t  water weight gain and a corresponding drop i n  glass t racs i -  
t i o n  temperature (Tg). Figures 4.1.3-1 and 4.4.3-2 i l l u s t r a t e  a typ ica l  
response of epoxy composites t o  moisture environment (reference 20). 
Moisture i s  obviously not a concern for the space environment, 
however, during f a ~ ~ i c a t i o n  a d storage of space vehicles there could be 
in to le rdb le  txoisture accumulation w i th in  the composite structures. 
Minimum safeguards should be imposed w i th  respect t o  permissible humidity 
Figure 4.4.31: Glass Transition as a Function of Absorbed Moisture for 75% RH Exposum 
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l eve ls  t o  which composite s t ruc ture  i s  exposed during manufacture and 
storage t o  reduce pc ten t i a l  problems discussed previously.  
Space rad ia t i on  i s  probably the most damaging environment 
t o  which space vehicles composite structures a re  exposed. Unprotected 
composite i s  a f fec ted  by both u l t r a v i o l e t  (UV) and high energy radiat ion.  
Although information on the d i r e c t  e f f e c t  of space rad ia t ion  on these 
materials i s  avai lable, 1 imi ted work i n  space simulated environments has 
been conducted. 
Epoxy res in  or  any other organic matr ix  i s  severely degraded 
by space rad ia t i on  (electrons and protons) which can cause surface and 
bulk damage. Thc r a t e  o f  damacje i s  dependent upon the rad ia t ion  i n t e n s i t y  
and the matr ix  ,nolecular s t ructure.  Graphite f i b e r  affects the photo- 
chemical behavior of the r e s i n  because i t  (graphite) i s  a strong absorber 
of u l t r a v i o l e t  rddiat ion. This absorbed energy i s  transferred t o  the 
poiymer matr ix  promoting degradation a t  the composite surface. A t  layers 
oklow the composite surface, graphite acts as a UV screen protect ing the 
composite i n t e r i o r .  However, the impinging rad ia t i on  can be converted by 
graphite f i b e r  t o  longer wave length thermal energy which causes degrada- 
t i o n  through the composite. Typical damage which occurs i n  the organic 
I ina- matr ix as a r e s u l t  o f  rad ia t ion  energy includes outgassing (and contan' 
t ions o f  surrounding surfaces), shrinkage, cracking, crazing, p i  t t i n ,  , 
embri tt lement, and d iscolorat ion.  I n  add i t ion  t o  degradation i n  iechanical 
o r  thermophysical propert ies, dimen;lona, changes can occur which a f fec t  
c r i t i c a l  s t ruc tura l  a1 ignments \references 21 and 22). 
Protect ion o f  composite structures may be possible through use 
of thermal contro l  coatings. However, undesired weight increase and in-  
a b i l  i t y  t o  protect  against high energy electrons are major disadvantages 
for t h i s  protect ion method. 
The compl ex nature of reactions between organic matrices and 
environment which contain moisture o r  high energy rad ia t ion  requires 
systematic analysis to  understand basic degradation fiechanisms. Increased 
know1 edge car] be appl ied  t o  formulation of environmentally stab1 e 
materials o r  p rac t ica l  p r o t ~ c t i o n  procedures. 
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4.4.4 Cold Welding o r  Adhesion o f  Metals i n  Hard Vacuum 
It i s  possible f o r  metals t o  weld a t  law temperatures if 
int imate coatact i s  made between the metal surfaces throush the t h i n  
f i l m  o f  oxide, n i t r i de ,  o r  carbide normally present on these surfaces. 
Int imate contact between surfaces i s  defined, i n  t h i s  case, by the  
overlap o f  e lect ronic  charge d i s t r i bu t i ons  due t o  load pressure. 
This charge d i s t r i b u t i o n  overlap resu l t s  i n  covalent bonding. 
Depending on the temperature of the in te rac t ing  mate! i a l s ,  there may 
also be scme dif fusion o f  atoms across the interface which tends t o  
enhance the weld strength. 
I n  order f o r  adhesion of metals t o  occur, i i  i s  necessary 
tha t  the metal surfaces be free o f  oxide. This may occur i n  a space 
environment several possible days : outgasing of chemisorbed molecules 
from the metai surface nay occur a t  low temperatures because the 
Van Der Waals binding forces are very weak; the oxide t h i n  f i l m  may be 
scraped away by a mechanical abrasive action; o r  the b r i t t l e  oxide 
my be broken through by a p l a s t i c  deformation o f  the underlying 
metal from load pressure. Adhesion may also occur without s ign i f i can t  
loading pressure when s i  id ing  surfaces generate loca l  temperatures 
tha t  approach the me1 t i n s  po in t  of the metal o r  when material  temperatures 
are su f f i c ien t ly  high t o  al low d i f f u s i o n  of the contaminants away frm 
the interface. 
Enp i r i ca l l y  i t  has been found tha t  adhesion i s  proport ional 
t o  the load pr imar i l y  because the met31 contact area i s  proport ional t o  
the load. From t h i s  empirical data an adhesion coef f ic ient  equal t o  
the r a t i o  of we13 strength t o  contact ing load has been calculated for  
various homo and hetero-junctions. These are l i s t e d  i a  Tables 4.4.4-1 
and 4.4.4-2 and, i n  conjunction w i th  adhesion t're dependence shown i n  
Table 4.4.4-3, m y  oe used t o  develop design c r i t e r i a  for spacecraft. 
Table 4.4.4-1 THE ADHESION AND FRICTION COEFFICIENTS OF METALS 
AS DETEMINED BY VARIOUS METHODS 
Adhesion or fricrion coef ficirn: 
Present Sikorsk\ Rabinwicz 
cr>.stal study %uJ- habit 01 o P I  f 
mesion Adhesion Fri  ct im 
Lp.d toui Load 
- - 
Pb.. . . . . .  fec 0.95 3.5 1.14 
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~1 . . . . . . .  ~ C C  0.84 1.8 1.28 
. . . . . . .  Cu fcc 0.78 0.7 1-18 
A g . , . - - . .  fcc 0.78 0.8 1 . i S  
T i  . . . . . . . .  h e  0.52 0.2 0.58 
z r * - . - . - .  ?lq 0.at 0.1 ... 
#g . . . . . . .  hcp 0.37 0 .OS 0.6 
2024-14 A1 . - . . . .  0.31 -.a -.. 
17-4PH. . . . . . . .  0.3 --• 0 -68 
....... a-brass 0.1 ... . -. 
B i . .  . . . . .  rho0 0.10 . .- ... 
Table 4.4.4- j THE DEPENDENCE OF ADHESION UPON CONTACT 
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4.5 Grounding and Bonding for  Metal Structures 
A procedure fo r  the grounding and bonding of me ta l l i c  
s t ructures follows. 
4.5.1 Cleaning of Hetal Surfaces f o r  Bonding o r  Grounding 
a. General Requirements 
1 ) T .k  - areas t o  be cleaned are as defined on the 
Engineering drawing. 
2) Do not a l l =  p a r t i c l e s  from abrzsives used i n  
preparing bonding surfaces t o  contaminate 
operatiag par ts  of del i c a t e  mechani sns o r  
e l e c t r i c a l  eqtiipnent. 
3)  Do not  use caust ic so lut ions such as lye, a l ka l i ne  
pa in t  remover, o r  hydroxides, for cleaning o f  
bonding surfaces. 
4 )  Do not  app;y abrasive cleaning r a t e r i a l s  c r  nire 
brushes t o  p lated o r  c lad  surfaces, nor t o  metals 
normal l y  l e f t  unpainted, such as corrosion res i s tan t  
steel o r  6061 aluminum (t,;e Type V solvent cleaning). 
5 )  After completing the bond, inspect surface t o  deter- 
mine i f  resurfacing i s  required. 
4.5.2 Specif ic Cleaning Practices 
To p e m i t  Engineering drawing ca l l ou t  o f  a speci f ic  cleaning 
pract ice, type numbers have been assigned t o  each method deta i led  i n  
the fol lowing items. Where the drawing aoes not specify a pa r t i cu la r  
cleaning technique, the methods 1 is ted  be1 ow are opt ional , except as 
r e s t r i c t e d  under general requirerrients. 
4.5.2.1 Type I: Hand -4ppl i ca t i on  o f  Abrzsives 
Clean the specif ied faying surfaces o r  spot areas by hand 
appl ication of abrasive material. If practical, use a circular or 
elliptical motion of the abrasive to provide a uniformly smooth 
finish. If abrasive sheet is to be reused, reuse only on the same type 
of metal on which originally used. 
4.5.2.2 Type 11: Spot Cleaning by Bonding Brush, Stainless Steel 
(Rotary) 
This method is effective in removing paint from any metal, or 
for removal of Alodine, Iridite, or light anodize from aluminum. Using 
a drill motor or other suitable drive, apply a stainless steel bonding 
brush of the proper size to clean the specified spot diameter. Apply 
the brush intermittently, keeping the cutting face para1 lel with the 
surface. Inspect the result after each application. Continue the 
operation until the required area is completely cleaned, but hold sur- 
face damage and loss of metal to an absolute minimum. 
Anodic films vary greatly in thickness, and difficulty may 
occasionally be experienced in removal of these coatings by means of a 
wire brush. In such instances, the abrasive disc method will prove 
more effective in completing the operation with a minimum of damage to 
the underlying metal. 
Quality Control shall be on the alert against possible use of 
carbon steel bonding brushes rather than stainless steel. Because of 
the probabi 1 i ty of serious corrosion resul ting from embedment of steel 
particles into the metal surfaces, parts which have been prepared by 
means of carboo steel brushes shall be rejected. 
4.5.2.3 Type 111: Spot Cleaning by Rotary Abrasive Disc 
This method is effective for removal of unpainted Ancdize, 
Iridite, Aiodine, or similar hard finishes. Paint may also be removed 
by this method, but rapid plugging will require frequent replacement of 
the abrasive disc. Select the proper size disc and matching mandrel to 
provide the required spot diameter. Using a drill motor or other suit- 
able dr ive, apply the abrasive d isc  t o  the bond-spot i n te rm i t t en t l y .  
and w i t h  a 1 i g h t  pressure. Keep the face of the d isc  para1 l e l  t o  the 
metal surface, and inspect the area a f te r  each appl icat ion. Also, 
examine the condi t ion of the d isc  frequently, and replace fo r  more 
e f fec t ive  action, if plugged. Contince the operation u n t i l  a b r i g h t  
surface i s  v i s i b l e  throughout the required area. Avoid unnecessary 
removal of metal. 
If an abrasive d isc  i s  reused, reuse only  on the same type 
of metal on which o r i g i n a l l y  used. 
4.5.2.4 Type I V :  Removal of Paint  w i t h  Lacquer Thinner 
For removal of primer (MIL-P-6889) o r  lacquer-based p a i n t  o r  
enanel from c lad  aluminum o r  other metal surfaces, aoply lacquer th inner  
o r  methyl e thy l  ketone t o  the speci f ied area, using a clean cot ton o r  
l i n e n  c l o t h  o r  gauze appl icator.  Use an uncontaminated por t ion  of the 
c l o t h  fo r  each appl icat ion, taking care t o  avoid overrun o r  sp i l l age  
beyond the desired l i m i t s  of the bond. When the designated area i s  
completely clean, imnediatel: wipe dry w i t h  a clean c l o t h  o r  gauze. 
4.5.2.5 Type V: Solvent Cleaning of Bare, Clad, o r  Plated Metal 
Apply cleaning solvent such as n-Heptane t o  the bonding surface, 
using a non-metal1 i c  brush o r  c l o t h  appl icator .  Scrub as necessary t o  
remove v i s i b l e  contamination. Immediately dry the surfaces by wiping 
w i th  3 su i tab le  l i n t - f r e e  guaze or  cloth. 
n-Heptane vapors are flammable. Keep away from heat, sparks 
and open flame. Avoid breathing vapors. Avoid prolonged o r  repeated 
sk in contact. 
Optional : Nonflamabie Solvent 
d nonf lamable soIvent o r  solvent mixture such as Freon BF, 
Freon TF, Genensolv B o r  Genesolv 0 f o r  a speci f ic  cleaning app l ica t ion  
w i  11 be determined by the operator based on the solvent evaporation 
rate, s ize  of area t o  be cleaned, and ambient condit ions. 
4.5.2.6 Type VI: Solvent Cleaning of Bare Titanium 
Apply cleaning solvent t o  the bonding surfaces, using a 
non-metallic brush o r  c l o t h  appl icator.  Scrub as necessary t o  remove 
v i s i b l e  contamination. Immediately d ry  the surfaces by wiping w i t h  a 
su i tab le  l i n t  free gauze o r  c ioth.  
4.5.3 Bonding Jumper and Ground Lead Ins ta l  1 a t i on  
a. When i n s t a l l i n g  jumpers, pcs i t i on  them t o  avoid interference 
w i t h  movement o f  parts. Par t i cu la r  care must be exercised 
i n  i n s t a l l i n g  jumpers on moving shock-mounts, and s i m i l a r  
items invo lv ing  motion between at taching points.  
b. Exercise caut ion t o  avoid crushinc c r  damaging tubing when 
t ightening clamps used for attachment of bonding jumpers. 
c. When the Engineering drawing speci f ies attaching a number 
of jumpers o r  ground lead terminals t o  s t ruc ture  by means 
of a s ing le  fastener, place the la rges t  terminal nearest 
structure; w i th  the others stacked i n  order of decr2asing 
size. Where space permits, fan the terminals. 
d. Do not use face dyed, o r  other type non-conductiee coated 
washers i n  the concdcting path of a bond. 
e. Attach jumpers o r  designated ground leads from equipment t o  
me ta l l i c  s t ructure ( inc luding the frames of e lect ronic  racks 
o r  consoles) as shown i n  f igures 4.:.3.-1 and 4.5.3-2. 
f. A l l  terminals for  attachment t o  current  re tu rn  ground studs 
sha l l  be cleaned w i t h  a clean c loth,  soaked i n  solvent and 
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thoroughly dried with a clean cloth before assembly and 
before each reassembly before launch. 
g . Where practical , electric bonding measurements shall be 
made only with the original leads and probes furnished 
with the instrument. Where for any reason, special 
probes or leads are required, they shall be tested with 
the intended instrument, and be certified for acceptable 
accuracy (also restricted in range where necessary). 
9. Tightening shall be as required by Engineering drawing 
to maintain required bonding resistance. Use self- 
lccking steel nuts (NAS 679) for fastening aluminum and 
copper terminals to steel studs and screws. Where necessary 
to obtain the required bonding rssistance specified on 
the Engineering drawing, nuts can be torqued to the values 
in Tables 4.5.3-1, 4.5.3-2 and 4.5.3-3. For stud and screw 
sizes that have no torque value given in the tables, make 
sure that the nuts and screws are tight by noting that the 
lock washers (if used) are fully compressed. Make sure 
that chere is no movement between terminal hardware in 
assemblies using self-locking nuts. Check for tightness 
only in the direction of tightening. 
Avoid galling terminals with wrenches. Galled terminals 
are cause for rejection. Avoid excessive torque and use 
care to prevent damage to hermetic seals. 
Instal lation of Fay ;ng Surface Bonds 
a. Mhere the parts to be bonded are to be installed immediately 
after completion of the cleaning operations, give tne mating 
surfaces a final precautionary wipe-off with 3 clean, 1 int- 
free cloth to insure the removal of any remaining traces of 
abrasive or other foreign materials. 
TABLE Table 4.5.3-1 INSTALiATION TORQUE FOR COPPER TERMINALS 
Tab1 e 4.5.3-2 INSTALLATION TORQUE FOR ALUM1 NUM TEWINALS 

b. Where previously cleaned bonding surfaces show signs of 
contamination reclean in accordance kvi th Type V . 
c. Bonding resistacce shall be as required on the Engineering 
drawing. 
4.5.4 Resurfacing Cleaned Areas 
a. After joining, where the original paint finish has been 
removed, apply a minimum of one coat of the primsr and 
witching finish specified by the drawing to all exposed 
bare metal not covered by faying surfaces. Do not 
attempt to duplicate the original chemical treatments such 
as Alodine, Iriciite, or Anodize except as specifically 
directed by the drawing. 
b Reprime magnesium parts within 24 hours after removal of 
the original finish. Where the specified finish consisted 
of a conversion coating only, such as Dow 17 anodize, apply 
a minimum of one coat of primer to a1 1 bare metal surfaces 
exposed after installation of the part. 
c. Refinish metals other than magnesium within one week after 
cleaning of the bonding areas. 
d .  Do not paint machine-finished flanges of such articles as 
pumps, valves, and similar equipment which must maintain 
a liquid-tight seal at the mounting surface. 
e. There are no refinishing requirements where the appl icable 
Engineering drawing for tne part specifies use of bare or 
plated metal devoid of any surface treatrent or protective 
coating. 
f. After bonding, the cleaned areas of anodized or alodized 
aluminum fluid 1 ines shall be protected by a coating. 
g. After joining, apply protective coating to exposed bare 
aluminum parts from which finish has been removed. This 
requirement applies to parts not otherwise covered by 
specification or Engineering drawings. 
4.5.5 Drawing Call Out of Bonding and Grounding Requirements 
All tonds and grounds are classified as either "designated" 
or non-designated. 
4.5.5.1 Designated Bonds or Grounds 
Refer to the applicable Engineering drawing for maximum 
resistance, hardware and a1 1 other specific requirements for designated 
bonds and groinds. 
Drawings, where cal louts for electrical bonding is required, 
but detailed information is not given, shall be referred to Engineering 
Liaison. 
4.5.5.2 Standard Requirements For Nondesignated Bends and Grounds 
Where the Engineering drawing does not specify the bond re- 
quirements, al 1 conductive objects having any 1 inear dimension of three 
inches or larger shall meet one of the following requirements: 
a. Where the conductive object being considered mounts 
directly upon basic structure, and accordingly, only a 
single junction between surfaces is involved, the rcaximum 
resistance between the object and such structure shall 
not exceed 0.1 ohm. 
b. Where one o r  more in te rven ing  metal 1  i c  subst ructura l  members 
a re  stacked i n  ser ies between the ob jec t  t o  be bonded and 
the basic s t ruc tu re ,  the maximum over a l l  res is tance from 
the  ob jec t  t o  basic s t r uc tu re  s h a l l  no t  exceed one ohm. 
4.5.6 Test ing o f  Bonds and Grounds 
4.5.6.1 General Requirements 
a. lleasure the resistance of a1 1 designated bonds on a 100 
percent basis, f o r  compl iance w i t h  the requirements 
spec i f i ed  by the Engineering drawing. 
b. Hondesignated bonds need be measured f o r  conformance 
w i t h  standard requirements on ly  on the f i r s t  product iov 
un i t ,  o r  major model change which, occurs on each type o: 
spacecraft, m iss i le ,  ground operat ions equipnent, o r  
o ther  manufactured product. 
c. For bonds employing a jumper o r  designated ground lead, 
the con t ro l  po in ts  f o r  measuring the res is tance sha l l  be 
w i t h i n  the l i m i t s  of the cleaned areas contacted by each 
terminal ,  and preferably w i t h i n  0.25 inch  of the ex t remi t ies  
of the terminals.  
5.0 BOTlOINrJ AND GROUNDING COl4CEPTS 
A f a u l t  current return path i s  necessary i n  the event of 
a ground f a u l t  'co prevent: 
- Shcck t o  persons working on the spacecraft 
- Di rec t  damage t o  the e lec t r i ca l  s y s t m  
- Mtonat ion  o f  electro-explasive devices. 
The j o i n t  concepts described below are designed t o  provide 
good e lec t r i ca l  conducticn across j o i n t s  i n  composite structures. They 
nust oe mechanically and c l i x t r i c a l l y  analyzed f o r  a p p l i c a b i l i t y  on ti 
spacecraft. 
5.1 Conpcsite To Composite Joints 
Conduction between two conposite members may be provided by 
a screen jo in t ,  an adhesive bcnd using a conductive me ta l - f i l l ed  epoxy, 
o r  by metal fasteners such as r i v e t s  or  Sol ts. The screen j o i n t ,  shown 
i n  f igure  5.1-1, provides good conduction due t o  a ia rge screen-to- 
graphite f iber  cont-ct  area. I t  lacks mechanical strength, but  may be 
supplemented by mechanically o r  adhesively fastened doubler plates. A 
screen j o i n t  which does net require doublers i s  shown i n  f i gu re  5.1-2. 
Screen j o i n t s  are d i f f i c u l t  t o  fabricate and require tha t  s t ruc tura l  
members be l a i d  up ind iv idua l ly  rather  than i n  a continuous process 
to  provide conduction across a but t ,  scarf, o r  stepped iap j o i n t  ( f i gu re  5-1-31, 
due t o  good contact w i th  the f iber  ends. L ike the screzn j o i n t ,  these 
jo in t s  must be reinforced w i t h  doubler plates due t o  the lack of strength 
of rneta:-fil led epoxy. 
Mechanically fastened j o i n t s  as i n  Figure 5.1.-4 would have 
good st ructura l  stre'lgth, but  would F,ave e lec t r i ca l  r e s i s t i v i t y  o f  about 
2 orders of magnitude higher tnan t h a t  "f the screen j o i n t .  
5.2 Cornposi te-To-Hetal Joints 
I n  inany cases i t  w i  11 be necssary t o  bond graphite-epoxy 
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composites t o  metal st ructural  co,nponents. I n  a truss structure to  be 
assanbled i n  space, composite members w i l l  be connected a t  the ends 
using metal quick-connect fasteners as i n  figure 5.2-1. In  t h i s  case, 
the cut  end of the composite member would be f i t t e d  p r i o r  t o  launch 
in to  a socket i n  the connxtor. E lec t r ica l  conductivi ty would be pro- 
vided by meta l - f i l led  epoxy a t  the end of the composite member and 
structural  strength by adhesive o r  mechanical bonding. The same type 
o f  j o i n t  could be used t o  bond a composite Rlember i n t o  a fixed metal 
sccket i n  a metal structure. Another appl icat ion of composite-to- 
metal bonding i s  i n  the jo in ing of composite panels through a stepped- 
lap metal splice. This j o i n t  i s  s h m  Sn f igure 5.2-2 using metal 
screen for e lec t r i ca l  conduction. The same j o i n t  may be fabricated 
without the screen wi th a r e s i s t i v i t y  about an order of magnitude more 
than that  of the screen jo in t ;  a ground f au l t  current i n  t h i s  jo in t ,  
though, w i l l  tend t o  vaporize the j o i n t  adhesive and may cause rupture 
or  delamination a t  the jo in t .  Composite members may also be bolted o r  
r iveted d i r ec t l y  ta  metal structure w i th  a r e s i s t i v i t y  of about two 
orders of magnitude greater than that  of a screea jo in t .  
5.3 Surf ace Trea : x n  t 
I n  zone cases the current-carrying capabi l i ty  of the composite 
structure w i l l  not be adequate, as i n  ground fau l t  protection. I n  such 
instances, treatirients such as aluminum f o i l  o r  screen bonded t o  the 
surface of alb(.lintirn arc-plasma sprayed i n  an i ne r t  gas environment, w i l l  
increase current carrying capabil i ty. These treatments whould be used 
i n  the v i c i n i t y  o f  high-vol tage power conductors to  provide a conductive 
surface for the attachment of ground fau l t  areas. The surface area of 
the treatment should be such that the current density a t  the edge w i l l  
not damage the composite structure. Surface treatments should also be 
used w k n  EM1 shielding greater than that  afforded by- the composite struc- 
ture alone i s  required (f igure 5.3-1). 
An assessment of the s i x  recomnended j o i n t  concepts i s  shown 
i n  Table 5.3.01. Metal connectors are recomnended for large space struc- 
tur2s. A1 though the i n i t i a l  cost i s  high, the fabricat ion time i n  space 
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~ b l  e 5.3-1 BONDING/GROUNDI NG CONCEPT ASSESSMENT 
Joint 
-
Advantages 
Screen Good electrical conductor 
(Fig. 5.1-1) 
Screen 
(Fig. 5.1-2) 
%tal-filled 
epoxy 
(Fig. 5.1-3) 
Meckzni cal 
Fasteners 
(Fig. 5.1-4) 
*Good Electrical conduction 
*Inherent mechanical 
s t r e n g ~  
*Can be fabricated i n  space 
w i  th pre-1 aunch prepara- 
t ion 
Good E l  ectri  ca! conduction 
*Can be used on cut ends 
of continuously formed 
members 
'Inherent mechanical 
strength 
'Can be fabricated i n  space 
*Components may be joined 
a t  positions other than 
ends 
*Allows use of continuously 
formed members 
Metal Good electrical conduction 
Connectors Inherent mechanical 
(Fig.  5.2-1) strength for truss 
structures 
' Easily fabricated in space 
w i t h  pre-1 aunch prepara- 
tion 
Can be used on cut ends of 
continuously formed 
members 
Fletal Splice Good electrical conduction 
(Fig. 5.2-2) Inherent nechanical 
strength for joining 
pznel s 
D i  sadvantaqes 
*Difficult to fabricate i n  spsce 
*Requires individual component 
1 ~ Y U P  
*Requires doublers for mechanica' 
strength 
*Requires individual component 
layup 
*Difficult to fabricate i n  space 
*Requires doublers for mechanica: 
strength 
.Poor el  ectri  cal conduction 
'Requires expensive and heavy 
connectors 
*Limited to truss structures 
'Cannot be fabricated in space 
*Requires individual component 
1 ay UP 
'Requires expensive machined 
spl ices 
may make th is  system the most cost effective. The second best method 
i s  a screen technique shown i n  f igure 5.1-2. The metal spl ice 
(f igure 5.2-2) mechanical fastener (f igure 5.1-4), and metal f i l l e d  
epoxy ( f igure  5.1-3) need much improvelnent or  research and development 
before they can be considered zs applicable for assembly i n  space. 
6.0 STATIC DRAIN 
To support the use o f  graphite-epoxy composite s t ructures 
i n  space, j o i n t s  must be developed t o  provide e l e c t r i c a l  conduction 
between composite s t ruc tura l  members f o r  s t a t i c  d ra in  and f o r  a f a u l t  
current  re tu rn  path. The s t a t i c  d ra in  path - s  necessary because the 
e f f e c t  o f  vehic le charging can be detrimental where the conductin; 
sections o f  the vehic le are no t  bonded toget.3er. For example, con- 
s ider  a vehic le tha t  i s  charged tr iboe1ectr i :al ly on the forward 
surfaces and discharged through corona from the s k i r t  a t  the a f t  end. 
I f  the forward sect ion i s  no t  e l e c t r i c a l l y  con~ected t o  the a f t  
section, charge acquired on the forward sect ion cannot flow t o  the  a f t  
sect ion unless the po tent ia l  di f ference between the  sections becomes 
la rge  enough fo r  a spark discharge t o  occur. These spark discharges 
can be q u i t e  energetic, since the capacitance between the sections may 
be several thousand picofarads and the sparkover voltage may be several 
k i l ovo l t s .  Furthermore, the spark discharge w i l l  seek the easiest 
e l e c t r i c a l  path between the sections. I f  there i s  some e l e c t r i c a l  
w i r i ng  routed across t h i s  gap, i t  i s  possible tha t  the spark w i l l  
t r ave l  through a shorter gap from the sect ion t c  the wir ing, 
through the wir ing, a112 then through another shor t  spark gap t o  the a f t  
section. This, of course, would put  a tremendous noise pulse on any 
data 1 ine. A 1  so, there i s  the possibi  1 i t y  t ha t  these spark *discharges 
could f i r e  electro-explosive devices. 
7.0 EVA ACTIVITY AND TOOLING REQUIREMENTS 
High v iscos i ty  epoxies my be used t o  bond the malfunctioning 
s t ruc tura l  grounding system. It would be necessary t o  use a carbon 
on me ta l l i c  f i l l e d  epoxy for  the bonding mater ia l  t o  assure a low 
resistance bond between the two bonded members. 
Bonding i n  space w i l l  be a tedious, d i r t y  job. F i r s t ,  the 
s t ruc tura l  members to  be bonded should be abraided w i t h  an abrasive 
material .  During t h i s  procedure, much dust (par t i cu la tes)  w i l l  be 
created. A special too l  should be designed t o  c o l l e c t  the par t i cu la te ,  
otherwise the par t i cu la tes  w i l l  f l oa t  onto the surface o f  the space- 
c r a f t  and eventual ly deposit (adhere) onto a polar ized member, such as 
a high voltage conductor o r  i n s u l a t w .  This could r e s u l t  i n  arc-overs 
and system f a i  1 ures. An e lec t ros ta t i c  p rec ip i t a to r  device must be 
designed t o  c o l l e c t  the par t i cu la tes  from the abrasive act ion. 
A f te r  the abrasion of the s t ruc ture  i s  completed, the high 
v i scos i t y  epoxy has t o  be appl ied t o  both s d r f a c ~ s  whi. ' are t o  be 
bonded. The epoxy must be appl ied w i t h  a special gur .d  spreader 
t o  keep the epoxy on the two members. Otherwise the outgassing w i l l  
tend t o  spew some o f  the epoxy on adjacent members, i n t o  space, and 
on the crew members. A minor amourit w i l l  a t tach t o  the spacecraft 
and crew members regardless of the precautionary ac t ion  taken by the 
crew member. F ina l l y ,  the two s t ruc tura l  members must be jo ined and 
held i n  place u n t i l  the epoxy cures. Tile clamps should be capable of 
remaining fastened t o  decrease crew member t ime a1 locat ion t o  the 
project.  A post-cure v isual  inspection and j o i n t  resistance reading 
should be taken a f te r  the epcxy cures. 
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8.0 TEST PLAN 
The objectives of the test plan are to evaluate devclnpmental, 
new concept grounds and bonds for the LSET progran where many structures 
wi 1 1  be fabricated of carbon fiber/epoxy materials. Developmental 
grounding systems shall be capable of being manually, automatically, 
or remotely, prepared and instal led in space. 
8.1 Scope 
Grounding/Bonding conceptual designs shall be assessed for 
operation in a space system environment. Those systems which meet 
the mechanical, electrical, and environmental requirements, automatic 
and rern~te operation in space, and astronaut control and EVA time, 
shall be selected for design and test evaluation. 
One structural member with a bonded ground shield shall be 
designed fabricated and tested, complete with electrical and mechanical 
design, fabrication, and test procedures and drawing. This is to 
evaluate the grounding under hi gh-vol tage/high-current condcctors . 
A structural joint with the bonded/grounding system integrated 
into the iabricated structure shall be designed, fabricated, and tested, 
complete with electrical and mechanical design fabrication and test 
procedures and drawings. 
The two ground/bonded assembl ies shall be demonstrated to 
operate in a simulated space environment. Bonding of the joint shall be 
demonstrated. 
8.2 Technical Requi rements/Tasks 
Conceptual designs and designs from a literature survey of 
space program documentation of government and industry shall be eval uated 
for future development. 
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Automatic and manual operation i n  space w i t h  and without 
astronaut assistance sha l l  be considered. EVA expended time per 
bonded ground j o i n t  sha l l  be minimized during docking and undocking 
exercises to  al low the astronaut t o  attend t o  high p r i o r i t y  docking 
duties. 
Weight, volume, and pos i t i ve  connection t o  produce a 
minimum resistance ground j o i a t  sha l l  be evaluated 3s a function of 
cost f o r  the qua1 i f  i ca t i on  and acceptance t e s t  evaluat ion znd aperation 
i n  spece. 
Two grounding concepts sha l l  be selected f o r  development and 
demonstration. 
A metal-covered s t ruc tu ra l  member concept t o  simulate 
a s t ruc ture  w i th  a high voltage l i n e  ~verhead r h a l i  be developed. 
a .  Metal sh ie ld  0.125 cm th i ck  
b. Short c i r c u i t  current 50 K amperes 
c. t o  ground 
d. grapni t e  epoxy st ructure 
An aluminum t o  graphite-epoxy j o i n t  w i th  an embedded screen 
o r  two graphi t z  epoxy members w i t h  embedded screens t o  reduce j o i n t  
resistance sha l l  be developed 
a. Screen t o  reduce j o i n t  resistance t o  tha t  o f  sol  i d  
s t ructure 
b. Impulse current  t o  50 K amperes 
c. Short c i r c u i t  voltage t o  2,590 vo l t s  
The two ground/bond cbncept drawings, manufacturir~g procedures, 
processes, and t e s t  procedures sha l l  be de ta i led  t o  show compatibi l  i t y  
w i th  the spacecraft environment and spacecraft e l e c t r i c a l  systems. 
Preparation and assembly j i g s  and f ix tures,  and evaluat ion 
t e s t  f ix tures shal l  be pa r t  o f  the del iverable items fo r  the demonstratim 
model. 
A t e s t  procedure f o r  the acceptance qut: : : :c?t ion s h a l l  be 
suppl ied along w i t h  a spec i f i ca t i on  fo r  a l l  parts,  . ;aierials, and 
t es t s  for  the demonstration models. 
The s t r u c t u r a l  members and t oo l s  sha l l  be tested f o r  automatic 
and manual operat ion. Zero g r a v i t y  condi t ions rnzy be simulated by 
assembling the j o i n t s  i n  the f r ee - f l oa t i ng  mode unde: water. 
9.0 CONCLi IS IONS 
Data and conceptval designs generated during the program 
c lear ly  indicate that  grounding and bonding can be accomplished i n  
space using e i ther  manual o r  a u t m t i c  jo in ing  o f  the structural  
members. More design and analyt ical  work, nowever, are necessary 
to  define the close tolerances demanded by the precision structures 
o f  the antennae and electr ical /e lectrocic cul-de-sacs. 
This concluding section f i r s t  reoroduces the s igni f icant  
results and conclusions drawn from the work accomplished. This i s  
f o l  lowed by reconmendations for future appl ications. 
9.1 Observa t icns 
On reviewing the study results, several observations can 
be made. 
1. A screen o r  metal aes:; shoula be embedded in to  the 
graphite fiber-epoxy j o i n t s  t o  increase e lec t r i ca l  
conductivity across the jo in t .  
2. A z u l t i p l e  exposed screen wi:h a mechanically fastened 
stepped lap j o i n t  has the best e lec t r i ca l  and mechanical 
characterist ics and can be joined i n  space t y  automatic 
or ranual l y  operated equipment. 
3. EVA a c t i v i t y  can be minimized by using the exposed 
screen jo in ts  
4. A metal sheet must be bonded t o  the structure m-ers 
where high-vol tage/high-current 1 ines pass over the 
structure to  protect against short c i r cu i t s  and arcs. 
5. Cul-~e-sacs and electronic members r~nrst be bonded t o  
a metal clad structure t o  achieve good e lec t r ica l  
conducti r i t y .  
9.2 Recomnendati ons 
The fol lowing areas have been ident i f ied as kaving s ign i f i -  
cant payoff potential  t o  war-rant futher work on grounding and bonding 
for LSST systems. 
1. 1nvest;gate and analyze c i rcu la t ing  cuerents i n  structures 
generat& by ground returns on the solar array. 
2 . .  Evaluate and analyze metal c lad thickness (minimum) 
on structure ilnder high-vol ta.3e!high-cut T n t  1 ines t o  
withstand s h ~ r t  c i r cu i t s  asd arcs. 
3. Determine the length and spacing of metal screens on 
metal s t r ips  for the jo in ts  as a function o f  l i n e  voltage 
and current c a ~ a c i  t y  . 
4. Select and evaluate n a  j c i n t  clamping mechanisns other 
thafi bolts. 
5 .  Analyze and evaluate precipatation devfces ane the effect of 
structure shape on spacecraft charging. 
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